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ASENKRON MOTORLARIN KORUNMASI İÇİN YENİ BİR 
DİJİTAL KORUMA YÖNTEMİ 
 
ÖZET 
Motor içinde veya dışında oluşacak kısa devreler, faz kayıpları, kaynak gerilimindeki 
dengesizlikler motorda dengesizliklere sebep olurlar. Motordaki bu dengesizlik 
durumu anlık güç ile belirlenmiştir. Herhangi bir dengesizlik yaratan durum karşında 
anlık gücün, temel çalışma frekansının iki katı frekansta salınımlar yaptığı 
gözlenmiştir. Dengesizlik sonucu oluşan negatif bileşen akımları motorda özellikle 
rotorun aşırı ısınmasına, enerji kayıplarına ve motorun bozulmasına sebep olurlar.  
Motor devrelerindeki dengesizlik durumlarının incelenmesi için EMTP simulasyon 
programının daha yeni bir sürümü olan PSCAD V.4 kullanılmıştır. PSCAD 
simulasyon programı FORTRAN programlama dilinde çalışmaktadır. Tüm iç ve dış 
arıza durumları için simulasyonlarda üç faz gerilim ve akım değerleri hesaplanıp 
kaydedilmiş ve FORTRAN üzerine kurulu algoritmamız arıza durumlarını analiz 
etmiştir. Arıza analizleri faz toprak, faz faz toprak, faz faz, üç faz toprak arızası, faz 
kopması, statorda sargının kendi üstünde kısa devre ve kaynak gerilimin dengesiz 
olması durumları iç ve dış arızalar olarak ayrı ayrı incelenmiştir.  
Bu tezde dengesiz güç bileşenine göre çalışan yeni bir digital koruma algoritması 
motor korumada kullanılmıştır. Bu röle motorda hem iç hem dış arızalar için test 
edilmiştir. Röle herhangi bir dengesizlik durumunda, anlık güçteki salınımları 
hesaplar. Dengesizlik durumunun belirlenmesinden sonraki aşamada, arızanın 
kaynağının motorun içinde mi, dışında mı olduğunu belirlemek amacıyla negatif 
bileşen reaktif güç bileşeni algoritmada hesaplanır. Arıza eğer motorun içinde ise 
negatif bileşen reaktif güç eksi işaret alır. Arıza motorun dışında oluşuyor ise negatif 
bileşen reaktif güç artı değer alır. Bu şekilde, digital koruma rölesi arızanın içeride ya 
da dışarıda olmasına göre röle açma zamanını hesaplamaktadır. 
Motorun stator sargılarında oluşacak bir arızada anlık açma verilmiştir. İç arızalarda 
açma kriteri, dengesiz güç bileşeninin 1% değerini aşması veya 1%’e eşit olması 
durumudur.  
Dış arızalar için röle, açma zamanını motor devresine yedek koruma yapmak amaçlı 
olarak hesaplar. Dış arızalar için dengesiz güç bileşeni 7%’yi aştığı anda algoritma 
açma komutu için röle açma zamanı hesap etmeye başlar. Dış arızalarda, röle negatif 
bileşen aşırı akım rölesi gibi çalışmaktadır. Dış arızalarda, K=I 2 t eşitliği kullanılarak 
rölenin açma zamanı belirlenmiştir. 
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A NEW DIGITAL RELAYING METHOD FOR INDUCTION 
MOTOR PROTECTION 
 
 
SUMMARY 
Short circuits on the motor and out of the motor, phase losses, voltage unbalance on 
the source voltage side always cause unbalance on motor. Unbalance conditions on 
the motor were detected by using unbalanced power component. Whenever an 
unbalance condition occurs, instantaneous power oscillation starts to oscillate at 
twice the base power system frequency. Unbalanced conditions affect the motor 
especially overheat rotor, energy losses and failures occur in motor because of the 
negative sequence currents.  
For simulations of motor unbalances, PSCAD V.4 which is a newer version of 
EMTP is used. PSCAD V.4 simulation program is based on FORTRAN 
programming language. The simulation data of three phase voltage and current 
values are recorded and on the next step, these saved values for each fault case are 
entered to digital relay algorithm which is based on FORTRAN program. From the 
algorithm results, fault analyses have been studied. Single phase to ground, phase to 
phase to ground, phase to phase, three phase to ground, single phase loss, turn to turn 
fault and voltage unbalance fault cases which cause unbalance have been analyzed 
for internal and external cases. 
In this thesis, a new digital protection relaying algorithm using unbalanced power 
component is introduced. This relay is tested on a motor for both internal and 
external faults. This digital relay detects the unbalance conditions by monitoring the 
oscillations at twice the power system frequency on instantaneous power. Then this 
relay detects whether the fault is inside the motor or outside of the motor by using 
the sign of negative sequence reactive power. If the fault is internal, negative 
sequence reactive power gets negative sign. When there is an external fault, negative 
sequence reactive power gets positive sign. 
For an internal fault, relay gives fast trip by calculating the trip time using the 
magnitude of unbalanced power component. When unbalanced power component is 
over 1%, relay gives fast trip for motor protection. 
For an external fault, relay provides backup protection. When unbalanced power 
reaches 7% for an external fault, protection relay starts to calculate the relay trip 
time. Digital relay acts as a negative sequence overcurrent relay when external faults 
occur. For external faults, K=I 2 t equation is used for trip time.  
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1. INTRODUCTION 
Induction motors are mostly used in industry. Asynchronous motors take 90% of the 
total loads in industry [25]. Protection of induction motors becomes very important 
because of their widely usage. Short circuits in motor windings or in external 
circuits, phase losses and unbalanced supply cause unbalanced conditions.  
Several methods for motor protection have been found and many of them are still in 
use. Most common protection relay used for motor protection is thermal magnetic 
relay which protects the motor when there is a current over specified value. In 
thermal protection, relay protects the motor against over heating. In magnetic 
protection, the relay gives instant trip signal when there is a short circuit [29]. 
Symmetrical components method can be used to analyze unbalanced conditions.   
Negative sequence currents cause overheating on windings of the motors and these 
overheating cause serious failures on motor, shortens the life time of the motor and 
energy losses occur due to the unbalanced conditions [1].   
Symmetrical components method have been used recently in motor protection relays 
but could not detect all unbalanced conditions and are not useful for motor protection 
in some fault cases. In this thesis, a new digital motor protection relay for unbalanced 
conditions has been proposed for motor protection. The proposed relay detects the 
unbalanced condition and differentiates between external and internal faults. For 
external faults backup protection of motor have been provided. For internal faults 
fast protection response has been provided. In this digital protection relay, negative 
sequence reactive power, instantaneous power of motor, unbalanced power and 
integrator outputs for trip times are calculated and from the relay algorithm, optimum 
trip times for motor protection are given. 
This thesis consists of six chapters.  
In Chapter II, the importance of motor protection is explained and the current 
methods used recently for motor protection are discussed. The advantages and 
disadvantages of these protection methods are also discussed. 
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In the third chapter, basis of the proposed algorithm is given. Voltage and currents’ 
positive, negative and zero components and their characteristics have been explained 
in this chapter. 
In the fourth chapter, the cases which cause unbalance on an induction motor are 
explained. The effects of unbalanced conditions on induction motors are discussed.  
In the fifth chapter, our digital motor protection relay’s algorithm is explained. The 
algorithm’s flow chart diagram is introduced and how this digital relaying algorithm 
works is explained. 
In the sixth chapter, unbalanced cases for both internal and external faults have been 
simulated using PSCAD power system simulation program. For totally 13 cases, 
voltage and current values are recorded in database. Digital algorithm for motor 
protection is applied and graphics for instantaneous power, unbalanced power, 
negative sequence reactive power and integrator are given.  
Induction motor mathematical model is given in Appendix A. 
In Appendix B, starting methods of induction motor and advantages, disadvantages 
of these methods are also given.   
In Appendix C, universal motor protection codes are given. 
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2. CURRENT METHODS FOR MOTOR PROTECTION 
2.1 Introduction to Motor Protection 
Motors comprise 90% of the process loads. Protection methods for motors are really 
important for industrial applications because of their most usage. Protection of 
motors varies considerably and is less standardized in general than the protection of 
the other apparatus or parts of the power system [31]. 
Motor protection methods are usually applied according to their power; motor type   
wound type motors, squirrel cage induction motors, application of the motors, and 
type of its service. Induction machines characteristics have to be researched such as; 
starting currents, delaying times, thermal withstand under balanced and unbalanced 
conditions. 
Basic relay units’ definitions are given in [29]. 
Motors which are under 400V level are especially protected by fuses and miniature 
circuit breakers [29]. These miniature circuit breakers have thermic and magnetic 
characteristics. Thermic protection is usually for overloading and usually a time 
delay is considered. Magnetic protection is for short circuit conditions which can 
provide trip very fast for the protection. The mostly used method is using fuses and 
circuit breakers. Additional special protection relays which will be modified to the 
circuit breakers can give trip signal to the breaker.  
Motors that are between 400-4800V voltage levels are switched by power circuit 
breakers or contactors.  Finally motors which are between 2400-14000V voltage 
levels are constructed by power circuit breakers [29]. 
Typically external and internal conditions cause the machine to be protected against 
these cases. External conditions such as unbalanced supply voltage, under voltage, 
phase sequence starting and internal faults such as bearings, shunt faults like short 
circuit faults and overloads [31].  
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In general, motor protection is to let the motor work up to its limits but not to let 
work over its thermal and mechanical limits for overloads, asymmetrical working 
conditions and highest sensitivity in sensing the faults have to be proposed.  
Proper protection system for a motor should detect the following conditions: 
 Overloads. Insulation of the motor windings damaged by thermal conditions 
that is caused by continuous or intermittent overload. Locked rotor, starting 
failure or jam situation are also the reasons for overloading.  
 Winding faults. These can be grouped as; 
1. three phase faults 
2. phase to phase faults 
3. phase-phase to ground faults 
4. phase to ground faults 
 phase unbalance faults 
 Out of step operation  
 Loss of excitation  
 Phase reversal in induction machine 
 Decrease in supply voltage level 
When we classify them; 
I. Caused by induction motor 
I.1   Bearing failure [18] 
I.2   Mechanical failures 
I.3   Loss of excitation 
I.4   Insulation failure in the windings, inside the motor’s stator or rotor 
II. Caused by load 
II.1 Overloading and under loading  
II.2 Jamming  
 5 
II.3 High inertia  
III. Caused by environment 
III.1 High temperature in place 
III.2 lack of ventilation in motor 
III.3 low temperature in place 
III.4 Moisture 
IV. Caused by power supply system 
IV.1 Phase failure  
IV.2 Over voltage 
IV.3 Under voltage 
IV.4 Phase reversal 
IV.5 Out of step condition  
V. Caused by operation and application 
V.1 Synchronizing, closing and reclosing  
V.2 Duty cycle 
V.3 Jogging 
V.4 Plug reversing 
2.2 Basic Methods for Protection  
A protection system has to remove the faulted part from rest of the power system 
very quickly. More quickly the faulted part is removed less harmful effects both in 
power network, faulted part and power generation units. Current methods for 
protection of induction motors are given in this part.  
 
 
 
 6 
2.2.1 Overload Protection  
Overload protection is one of the most known and important protection methods. 
Motors subject overloading, heavy starting conditions and self-starting conditions are 
protected by over load relay [32]. 
Motor overloading leads to overheating of the windings and windings’ insulation. As 
we know, this condition shortens the life time of the motor. The protection must 
function so as to eliminate the cause of overload should unload the driven 
mechanism, or energize an alarm. Where no regular attendants are on duty and the 
cause of overload is not able to be eliminated, protection must act to disconnect 
motor from power supply. 
Thermal relays are used to detect over load conditions and these relays are time 
delayed protection devices. “Thermal relays are used to provide protection for the 
motors rated up to 50kW.” [28]. 
Thermal overload relays provide good protection for light and medium overloads but 
might not for heavy overloads. 
Eutectic Alloy relays are also relays used for overload conditions and their main 
working principle is; “metal twisted around a tube filled with a eutectic alloy which 
melts when critical temperature is reached.” [13]. 
Bimetallic overload relay is also a kind of thermal relay. This relay consists of two 
bimetals which each of them has different thermal expansion. 
Some improved overload relays are solid-state overload relays, enhanced solid-state 
overload relays. In addition, multifunctional and microprocessor relays have been 
developed. And they are able to provide fault diagnostics, power monitoring, 
metering and also communication between other protection relays and computers as 
well. Improved and basic overload protection developments for motors can be found 
in [13, 31]. 
2.2.2 Under Voltage Protection 
Under voltage protection is needed to save motor from reaching rated speed during 
starting. If not, motor would lose speed and would be over loaded because of the 
accelerating torque. Torque equations for under voltage protection are given in [29]. 
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“Time delayed under voltage relays have to be used which delay contactors on 
momentary voltage dips.” [29]. 
So when voltage level is under normal levels high currents, starting failures, loss of 
speed and pulling out conditions occur.  
Usually under voltage protection is added to motor starters. Under voltage conditions 
may occur because of the voltage drops on networks during starting of the motors, 
blowing of a fuse of a three phase induction machine or the effects of the power 
supply. Most of these also cause unbalanced conditions on induction machines. 
There are some methods for under voltage protection which were developed by G.S. 
Panfilov, Sovient Design Institute and A.I. Angeli [32].The new protection methods 
are developed on the basis of these methods [31]. 
2.2.3 Unbalance and Phase Rotation Protection 
One of the common unbalance reasons for three phase motors is loss of phase which 
can occur when one or two fuses blow or power supply voltage unbalance may occur 
when some phases are loaded asymmetrical. Loss of phase affects the motor 
seriously.  
The voltage and current unbalance resulting from an open phase or other series 
asymmetry like short circuits between phases or short circuits to grounds will cause a 
temperature rise in the stator, and particularly, rotor of motors. 
      Relatively small voltage unbalances are often achievable close to substations in 
circuits with well balanced loads; however, further out in circuits it can be very 
expensive, and extremely difficult to achieve a high level of voltage balance. 
Equipments, such as motors, may usually be derated so that it can still operate despite 
relatively large voltage unbalances, but this can be very expensive, and in some cases 
the equipment will not operate properly and life time of the motor shortens. A 
reasonable middle ground, based on an attempt to reach the lowest total cost to the 
customer and to the utility, is included in the recommendations of ANSI Std. C84.1–
1989. The ANSI recommendations are: 
 Electric supply systems should be designed and operated to limit the 
maximum voltage unbalance to three percent when measured at the 
electric utility revenue meter under no load conditions. 
 8 
 If an electric supply system is operating near the upper or lower limits of 
the ANSI STD C84.1–1989 voltage ranges, each individual phase voltage 
should be within the listed limits. (These voltage ranges are listed in 
1C.2.1, Voltage Level and Range) [37]. 
 
“A voltage unbalance of 3.5% may increase motor temperature 25%.” [35]. Because 
of unbalance in power system negative sequence current creates an opposite direction 
rotating flux and its frequency double the base frequency in rotor part of the motor. 
When a large motor and lots of motors are fed from a feeder, phase unbalance 
protection is usually needed. In three phase system, one of the phases’ cables may be 
cut or one phase’s fuse may be blown. The protection relay used is based on 
balancing I R  current according to other phases’ currents. 
As soon as the currents become unbalanced for a critical level, relay gives trip signal 
to switch. Only one relay can protect many motors subject to collective single 
phasing. It may protect many motors against single phasing. But it is important to 
understand that this number depends on the characteristics of the motor [29].  
Such a relay may not give trip if this motor with a rating of one-fifth of the total 
feeder load is subject to single phasing while unloaded and while the remaining 
motors are full loaded. 
Especially in thesis, unbalanced conditions have been analyzed. Severe unbalanced 
supply conditions such as unbalanced supply voltage, short circuits and phase losses 
are known to cause heating in motors’ stator and rotor windings [1].  Monitoring and 
diagnosis of induction motors electrical faults have been researched for unbalance 
conditions in induction motors by Park’s Vector pattern [19]. In this research, current 
peak’s vector patterns for normal working induction motors and unbalanced voltage 
supplied induction motors and their effects on motor have been shown.  
A relay which can detect the positive, negative sequence currents in three phases is 
needed to be used. If the phase rotation is in correct sequence and each phase’s 
voltages are present, low voltage contact opens and remains open. If voltages are 
unbalanced during the motor is operating, relay is going to give trip [4, 29, 35]. 
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2.2.4 Jam Protection 
High current and torque occurs when jam condition occurs. Jam condition is caused 
by binding action, driven load and bearings. Jam protection takes the motor off-line 
within two seconds when a jam condition occurs. It protects against overheating of 
motor windings and damage to drive gears, belts, chains, and other components. 
High current is not considered as a jam condition unless motor has reached full 
speed, determined by a current in excess of 20% of full load persisting for at least 
twice the locked rotor time setting [29]. 
2.2.5 Load Loss Protection 
Shaft in the rotor may be broken and this causes a decrease in load value. When this 
decrease in load happens, motor’s switchgear should be opened immediately. 
“Detection of load loss requires the recognition of the difference between no load 
preceding the application of load and no load following the application of load.” 
[29]. 
For this condition MPR relay is used but it has some disadvantages such; motor may 
have its load removed without the motor being taken off line. And relay may not give 
trip signal to the circuit breaker [29]. 
2.2.6 Out of Step Protection 
In induction machines, this is not an applied or needed protection scheme. Out of 
step protection is seen on synchronous machines. This protection is applied to detect 
pullout resulting from excessive shaft load low voltage supply [29]. 
2.2.7 Loss of Power Supply  
Induction machines have inductances inside and create e.m.f. in the windings. This 
created e.m.f. rotates the machine. When the power supply is opened from the 
induction machine this e.m.f cause a decrease in speed.  
Before 0.4 seconds if the voltage is restored supply voltage level would be less than 
the system’s voltage level. Current level would also be less than short circuit current. 
After 0.4 seconds, short circuit current will be greater. The voltage level between 
applied voltage and voltage caused by e.m.f would also be greater.  
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Because of this e.m.f great magnetic forces would damage the rotor. An induction 
relay or an attracted relay can be used with time delay between 150-250ms. 
2.2.8 Differential Protection 
In differential relay basis it involves a comparison of the phase and magnitude of the 
currents incoming and outgoing from the differential relay. Its principle depends on 
Kirschoff’s current law. Current transformers are also used for the currents per phase 
to decrease the current level to a safe limit. Most of the current transformers 
secondary windings are in 1 or 5A value. It is very important to have all current 
transformers in same characteristics. Their secondary windings current, saturation 
characteristics have to be the same. If not although there will be no leakage current 
and any fault in motor because of the saturation difference, relay will not work 
efficiently.  
Summation of the currents incoming to the relay and outgoing from the relay has to 
be zero not to let the relay give trip [32]. 
Differential protection is practically used for large motors. Some motors may not be 
available because of both ends of the windings for differential protection relay usage. 
Internal phase and ground protection is provided in motor and up to current 
transformer location. Other protection is also needed for connection to circuit 
breakers, soft starters [35]. 
As soon as there will be unbalance on each phase, differential relay will not be 
capable of understanding the fault and abnormalities. This method is usually used for 
large induction motors [32, 31]. 
Connection diagram is seen below in Figure 2.1 with its connection diagram.  
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                                 Figure 2.1 Basic differential relay 
2.2.9  Locked Rotor Protection 
Locked rotor current is usually close to starting current.” When a motor rotates air 
ventilation makes the motor spread out its heat faster.” [29]. When motors rotor is 
blocked and do not rotate it can not spread out the heat and the temperature rises. 
Temperature rises so fast that very limited time is left to protect the motors rotor and 
stator. A locked rotor motor can be considered to be a transformer. 
Rotor lock can be detected by speed switches. If motor does not accelerate although 
stator windings are energized switch operates and disconnects motor from power 
supply network. But as we can see, motors rotor block could have been locked close 
to full load speed while it was rotating [35]. 
Another method for locked motor protection is using distance relay. The distance 
relay is set and its operating circle encloses the locked rotor impedance vector. When 
we close the circuit by closing the circuit breaker, the distance relay operates and its 
timer starts to count. Longer permissible locked rotor times at lower voltage levels 
can be obtained. As we said before, starting currents may cause sudden voltage 
drops. At this point if the motor starts without problem, impedance phasor moves out 
the circle and before timer, contact closes. If the motor starts with problem, 
R 
 
 
S 
 
 
T 
Motor’s 
Stator  
windings 
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impedance phasor stays in circle and as soon as timer starts to operate, trip will be 
given. 
If time needed for the motor to accelerate the load is less than the permissible locked-
rotor time, motor can be protected by time-over-current relays or microprocessor 
controlled relays [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Three-zone distance relay characteristic [27] 
2.2.10   Ground Fault Protection 
Generally instantaneous over current relays are applied for ground faults [31]. 
Almost 80 % of the electrical faults in low voltage distribution systems are line to 
ground faults. In a solidly grounded distribution system the fault current is very high 
and if there is an arcing type fault then the fault energy causes catastrophic damage. 
Ground fault relays, when applied to each motor; be set to trip at 5-10 A. They can 
be mounted in the starter in the motor control center and the relay trip contact wired 
to operate the trip. Relay should be time coordinated so that in the event of a large 
magnitude fault it does not open the contactor beyond its interrupting ability. Great 
grounding resistance will lower the fault current and the fault will not cause damage. 
Z3rf rf3  
R3bZ3rf 
x 
y 
Z2rf rf2  
Z1rf rf1  
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For three phase AC powered loads, three separate power lines provide power to the 
load. The voltages on three phases differ only in their timing, or phase relationship. 
The fourth wire may provide a neutral connection to the load. In the case of balanced 
loads, where the current in each of the three phases is equal, the current in the neutral 
wire will be zero. The neutral wire can be disconnected because that it is not needed 
for to carry current. The vector sum of the currents drawn from the three phase lines 
will be zero as soon as the load is balanced. A non-zero sum of the current indicates 
an unbalance and a current is returning to the generator, or to the source. As a result 
it means that ground fault has occurred and trip can be given. 
The ground fault current for a three-phase system, without neutral, may be measured 
by performing a vector summation of the phase currents. Connection of relay is 
shown in Figure 2.3. The magnetic field induced in the transformer core is then the 
vector sum of the three individual phase currents and the voltage induced in the 
secondary winding placed in the transformer provides a signal representing the 
vector sum of the currents, the ground fault current. For detailed researches for 
sensitive ground fault relaying [10, 29]. 
 
Figure 2.3 Ground fault protection diagram [29] 
2.2.11   Phase Fault Protection  
Phase fault detection and tripping must be fast because of great currents when phase 
fault occurs. For phase fault protection, instantaneous non-directional overcurrent 
relays are used. Phase instantaneous relays should be set well above the 
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asymmetrical locked rotor and well below the minimum current when such a fault 
occurs [35]. Phase fault currents can be such great like starting currents and can be 
greater then locked rotor starting current so when starting current reaches phase fault 
current value, trip has to be delayed for a period. Differential relaying is necessary 
for in some protection cases. As soon as criteria above indicate that there is not 
sufficient margin between locked rotor and fault current, differential protection is 
needed. The ratio settings can be found in [35, 29]. 
2.2.12 Negative Sequence Voltage Protection 
Negative sequence voltage relay detects the negative sequence component of voltage 
more than 5%-10%; trip is given by the relay. Feed back contact is also inside the 
relay and negative sequence part of the relay opens the undervoltage circuit inside, 
after time delay the contacts give alarm or sound or trip. 
Negative sequence voltage relays basic scheme is shown below; 100% negative 
sequence is seen whenever a reverse-phase rotation occurs. 
In spite of this situation when unbalanced voltages occur, partial negative sequence 
components are seen. But when there is under voltage in the motor windings, there 
will be no negative sequence components. This relay can also detect a single phasing 
in motor’s stator winding terminals. But in light loaded large motors with low 
magnetizing impedance it can not understand the fault. 
2.2.13 Negative Sequence Over Current Protection 
For I t2 )2( =K trip time calculation in motors it changes by motor type and 
characteristics. This method is used for both generators and motors. However, 
prolonged load current unbalance caused by an open phase, unbalanced voltage 
supply, represents a more serious hazard for motors [29]. Because of the negative 
sequence currents caused by unbalance conditions cause heating in motor circuit.  
2.2.14   Stall Protection 
Asynchronous machines which are driving high loads need longer time to accelerate 
to reach the full speed within acceptable time [7]. The time period to reach full speed 
is called stall time.  
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When driven load having high inertia causes normal acceleration time of motor to go 
beyond its allowable stall time, problems start to occur. Relay has to understand if 
motor is stalled at standstill, any intermediate speed or accelerating time. 
Stall time that the asynchronous motor could stand is important and have to be 
designated to provide protection for overloading and thermal conditions. As soon as 
a motor stalls during rotation if it may not have started, its current is equal to locked 
rotor current [31]. 
As we discussed; factors that affect the accelerating of a high inertia load time 
becomes significant at this point: 
 Motor’s instantaneous torque  
 Motor’s instantaneous load torque at its shaft 
 Motor’s moment of inertia and loads moment of inertia 
 At starting period applied voltage level 
 
“The most used stall protection for motor is to use zero speed switches.” [7]. The 
principle of this method is to give a trip when the motor does not rotate in a period. It 
has disadvantage that stall protection is lost when the motor starts to rotate and does 
not understand that there would be a fault.  
Also distance relays can be used to provide stall protection. When motor speeds up 
its equivalent circuit impedance changes. Motor impedance increases when motor 
accelerates. This is the working theory of stall protection with distance relay. 
Another method for stall protection is the one that solid state relay is used. These 
relays are multi-function-motor protection relays which have an algorithm that 
monitor motor’s current, voltage and temperature. Detailed multi-function-motor 
protection for stall protection relays. 
2.3   Microprocessor Based Motor Protection 
Electromechanical protection systems are limited to simple protection modes. When 
an over current protection relay and directional relay are needed to be used together 
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both of them had to be bought separately and connected. This caused more 
maintenance, less reliability and more economic problems. 
“Computing power allows designers to develop modern multi-function motor 
protection systems.” [11]. 
By increasing calculation speed time response to a fault can be very fast and reliable. 
By the time mechanical components decrease which are used in protection relays, 
microprocessor based relays can do both protection types using current, voltage and 
other values. Developed protection relays can do the protections all in one relay 
which have been written above for motors. By using I/O’s these relays can also 
communicate with other relays around in real time. New protocols have been 
developed so that communication of the relays which are produced from different 
companies is not a problem at all. By patch programs in a power network thousands 
of relays and other devices can communicate each other. In an electro mechanical 
protection relay only current would cause the relay give trip but in microprocessor 
based relays all values can be calculated from only two or more different values of 
motors. Beyond these advantages computer based relays have the popularity. In 
thesis all unbalanced conditions are detected by digital protection algorithm. 
For more information about the improvements in microprocessor based motor 
protection technology and basic micro-processor relay construction [11, 29, 15, 20]. 
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3.  INSTANTANEOUS POWER IN THREE PHASE SYSTEMS 
3.1 Instantaneous Power in Three Phase Balanced Systems 
The instantaneous power measured at the machine terminals can be stated as:  
 
p= TTSSRR iviviv                     (3.1) 
Active power when integral is calculated for one period: 
 
 
dtiviviv
T
P
T
TTSSRR 
0
)(
1
                 (3.2) 
 
T is the period of time for calculation. 
 
In balanced three phase motors active power, reactive power and apparent power are 
as shown below; 
P=3VIcos             (W)                  (3.3) 
Q=3VIsin             (VAr)                  (3.4) 
S=3VI= 22 QP   (VA)                             (3.5) 
Where   is the angle between voltage and current: 
But as we will see in the thesis, we deal also with unbalanced conditions. It is needed 
to give complex power equation for unbalanced motors. 
 
33
222222
TSRTSR
eff
VVVVVV
V



                          (3.6a) 
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33
222222
TSRTSR
eff
IIIIII
I



                          (3.6b) 
effeff IVS *                     (3.7) 
3.2 Instantaneous Power in Unbalanced Three Phase Systems 
As pointed above, each phase quantities may not be equal or symmetrical. Motor’s 
stator windings have 2 /3 phase difference as long as motor is symmetrical.  
Asymmetrical conditions may occur because of the faults in stator windings, external 
faults or load unbalances caused by consumers which have loaded phases unequal or 
other reasons which are explained in Chapter 4. The instantaneous power in a three 
phase system can be derived as follows [1]. 
 
)(2 tSinVv RR              
)3/2(2   tSinVv SS                   (3.8) 
 )3/2(2   tSinVv TT            
 
)(2 RRR tSinIi              
)3/2(2 SSS tSinIi                    (3.9) 
)3/2(2 TTT tSinIi      
        
)3/2()3/2(2
)3/2()3/2(2)()(2




TTT
SSSRRRins
tSintSiniv
tSintSinivtSintSinivp
        (3.10) 
RRRR CosIVP                   (3.11) 
 
RRRR SinIVQ                   (3.12) 
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)3/22()3/22()2(
)3/22()3/22()2(




tSinQtSinQtSinQ
tCosPtCosPtCosPPPPp
TSR
TSRTSRins
  
  
)2()2()2( 222   tCosPPtSinPtCosPPp mSTins            (3.13) 
 
From the equation, when the loads per phase and voltage are symmetrical, all values 
with cosine and sine become zero and then the instantaneous power becomes: 
 
Pp
PPPp
ins
TSRins


 
 
 
3.3 Symmetrical Components Method for Instantaneous Power 
3.3.1 Symmetrical Components 
In normal conditions, three phase asynchronous machine is a balanced system. When 
three phase system is balanced, it is useful to simplify the three phase system to 
single phase system. But when three phase system becomes unbalanced we can solve 
the problem by analysis of symmetrical component equations.  
“The method of symmetrical components provides a practical technology for 
understanding and analyzing power system operation during unbalanced conditions 
such as those caused by faults between phases and ground or unbalanced 
impedances.” [22]. 
Examples of using symmetrical components for fault analysis can be found in [24]. 
 
 
 
 
 
 
 
 
(3.14) 
(3.15) 
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Figure 3.1 Positive-negative-zero components [24] 
1) Positive-sequence components are expressed by “1”. They consist of three 
phasors and 2 /3 phase shift and having same phase sequence as original 
phasors. 
2) Negative-sequence components are expressed by “2”. Negative sequence 
components do have also three phasors and 2 /3 phase shift but having phase 
sequence opposite to the original phasors. 
3) Zero-sequence components are expressed by “0”. Zero-sequence components do 
also have three phasors such positive, negative have but phase shift is 0.   
021 RRRR VVVV             
021 SSSS VVVV                              (3.16) 
021 TTTT VVVV     
          
3/21 a = 3/2sin3/2cos   = 87.05.0 j  
 3/412 a 3/4sin3/4cos   = 87.05.0 j  
 213a 12sin2cos   +j0=1 
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021 RRRR VVVV             
021
2
RRRS VaVVaV                  (3.17) 
02
2
1 RRRT VVaaVV             
 
If we transform it to matrix form [24]; 




























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

2
1
0
2
2
1
1
111
R
R
R
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R
V
V
V
aa
aa
V
V
V
                           (3.18) 
 











aa
aaA
2
21
1
1
111
3
1
 
From inverse of A, we find voltage equations as shown below: 
 TSRR VVVV 
3
1
0  00 RS VV    00 RT VV   
 TSRR VaaVVV 21
3
1
  1
2
1 RS VaV    11 RT aVV                    (3.19) 
 TSRR aVVaVV  22
3
1
 22 RS aVV    2
2
2 RT VaV   
3.3.2 Instantaneous Power in Terms of  Symmetrical Components 
)1()1()1( 

II  
)2()2()2( 

II                  (3.20) 
)0()0()0( 

II  
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In this case, we supply the motor from a symmetrical supplied voltage and load is 
asymmetrical. When we find the instantaneous power with symmetrical components 
method as we discussed above [1, 3]: 
 













)0()2()1(
)0()2()1(
)0()2()1(
TTT
SSS
RRR
TSRins
iii
iii
iii
vvvp                (3.21) 
)10()12()1( ppppins                  (3.22) 
From the above matrix equation, the positive sequence power component can be 
obtained as [1, 3]: 
)1()1()1()1()1()1()1(
TSRTTSSRR pppivivivp               (3.23) 
)0()0()2()2()1()1()1(
TQTPSQSPRQRP ppppppp                (3.24) 
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 
 )3/22sin()3/22sin()2sin(
3
)3/22cos()3/22cos()2cos(
3
)1(
)1(
)1()1(




ttt
Q
ttt
P
Pp
 
)1()1( Pp               
We see that positive sequence power components give the active power. Sum of 
reactive powers is zero. Although there is an oscillation twice the power frequency, 
net energy is zero.  
For negative sequence power components [1, 3]; 
 
   (3.25) 
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)12()12()12()2()2()2()12(
TSRTTSSRR pppivivivp               (3.26)  
)3/2sin()3/2sin(2
)3/2sin()3/2sin(2)sin()sin(2
)2()2(
)2()2()2()2()12(
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)2cos(3 )2()2()12(   tVIp                (3.27) 
 
For zero sequence power components [1, 3]; 
)10()10()10()0()0()0()10(
TSRTSR pppIVIVIVp               (3.28) 
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)0()0(
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
tVI
VItVI
VItVIVIp
 
 
0)10( p              
 
After positive, negative and zero sequence instantaneous powers have been found, 
generally instantaneous power equation becomes [1, 3]; 
)2cos()2cos(3 )2(2
)1()2()2()1(   tPPtVIPp m            (3.30) 
We see from the equations that the power with negative sequence components give 
us reactive power. As we can see from the equations, in symmetrical supply voltage 
positive sequence components give active power, negative sequence components 
with twice the supply frequency give reactive power and zero sequence components 
do not affect the instantaneous power [3, 1]. 
 
         (3.29) 
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3.3.3 Instantaneous Power with Unbalanced Voltage Source 
When three-phase supply voltage is not balanced the instantaneous power will be [1, 
3]:  
 
)2cos(3)2cos(3
)2cos(3
)0()0()0()0()1()2()1()2(
)2()1()2()1()0()2()1(




tIVtIV
tIVPPPp
 
Where; 
)1()1()1( 

VV   )1()1()1(  II  
)2()2()2( 

VV   )2()2()2(  II              (3.32) 
)0()0()0( 

VV   )0()0()0(  II  
As it can be seen from the equation (3.31), the instantaneous power consists of four 
terms. 
The first one is )0()2()1( PPP  . Positive sequence instantaneous power )1(P , 
negative sequence instantaneous power )2(P  and zero sequence instantaneous power 
)0(P . 
The second one is - )2cos(3 )2()1()2()1(  tIV . Instantaneous power with positive 
sequence voltage and negative sequence current components. 
The third one is - )2cos(3 )1()2()1()2(  tIV . Instantaneous power with negative 
sequence voltage and positive sequence current components. 
The fourth one is - )2cos(3 )0()0()0()0(  tIV . Instantaneous power with zero 
sequence voltage and zero sequence current components. 
(3.31) 
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4. UNBALANCED CONDITIONS AND THEIR EFFECTS ON INDUCTION   
MOTOR 
4.1 Balanced and Unbalanced Loads 
In three phase systems electric energy production, transmission and distribution are 
generally carried out under balanced conditions. Generators usually produce 
balanced voltage because of their construction. But if we take care of the consumer 
side, types of the loads and their connection type affect the balanced conditions on 
power supply network. 
Three phase power systems usually operate under balanced conditions. 
Unfortunately under abnormal conditions like faults such as phase to ground, phase 
to phase, phase to phase to ground, turn to turn short circuits, open phases, 
unbalanced power supply, system becomes unbalanced.  
As seen in Table 4.1, the most common type of fault is the single line to ground fault 
in spite of three phase balanced fault or double line to ground fault [24]. Common 
faults usually occur on cables, circuit breakers and motors. “In a motor if thermal 
ratings have been exceeded for long period of time, the insulation may be 
deteriorated sufficiently so that mechanical vibration and expansion and contraction 
due to thermal cycling can bring about a total failure of the insulation at same 
point.” [24]. 
Investigation of unbalanced conditions on motors and current, voltage effects is very 
important to study to provide motor protection. In balanced three phase systems we 
can consider all phases take equal power shown below: 
S TSR SS   
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Systems supply voltages per phase are balanced and currents, voltages have 
sinusoidal characteristics. Each phases’ impedances are considered to be equal. 
TSR ZZZ   
As soon as each phase currents are unbalanced, unbalanced voltage drops will occur. 
But usually voltage unbalance can be neglected because that it does not affect the 
analysis and does not cause serious faults. In this thesis, voltage source in the 
simulations was considered to be ideal except unbalanced voltage supply simulation 
case. 
4.2 Unbalanced Conditions 
Unbalanced conditions can be grouped shown below: 
 Temporary unbalanced conditions 
 Prolonged unbalanced conditions 
Temporary unbalanced conditions consist of short circuits like single phase to 
ground, double phase to ground, single phase loss. For prolonged unbalanced 
conditions, source voltage unbalance because of unbalanced loadings per phase and 
unbalances due to power generators can be grouped [30].  
 
 
 
 
 
 
 
 
 
 
 
 
 27 
 
 
 
 
Short 
circuit type 
 
Three phase diagrams of faults 
Percentage 
of 
probability 
 
Three-
phase  
 
 
 
3-5% 
Phase to 
phase  
1)without 
earth fault   
 
 
20% 
 
2)with earth 
fault 
 
 
 
25% 
Double 
phase to 
earth 
  
 
10-15% 
 
Single 
phase to 
earth 
1)insulated 
neutral   
 
 
 
 
 
65-70% 
 
2)earthed-
neutral 
 
 
 
 
 
Figure 4.1 Short circuits probability percentages [32] 
 
 
R 
 
S 
 
T 
 
 
R 
 
S 
 
T 
 
 
R 
 
S 
 
T 
R 
 
S 
 
T 
 R 
 
S 
 
T 
R 
 
S 
 
T 
 28 
4.2.1 Temporary Unbalanced Conditions 
Phase to ground, phase to phase, double phase to earth short circuits cause 
unbalanced conditions temporarily on motors. These short circuit conditions which 
cause temporary unbalance are explained in Figure 4.1 with their probability of 
occurrences percentages in industry. 
In a three phase system, one of the three phase load’s fuses may blow out and it may 
work from two phases. This condition is the same for two fuses blowing and like 
single phase loss, they both cause unbalance on asynchronous motors. Single phase 
loss condition can be seen in Figure 4.2. 
 
 
Voltage unbalance condition may be temporary or prolonged unbalanced condition. 
Because an open phase in the primary side of a distribution system can cause voltage 
unbalance. A combination of three phase and single phase loads unequally 
distribution may cause voltage unbalance or variation in grounding impedance, 
mixed AC and DC loads can also cause voltage unbalance. Voltage unbalance 
duration changes according to its parameters and type.  
In all unbalance relays it can be seen that voltage and current are the needed values 
for detection of the unbalance [4, 16].  
In short circuit types, single line to ground short circuit is the mostly seen fault. 
Most often, the failure of the machine insulation is due to an incipient failure 
between phase and ground or construction of asynchronous motor’s stator. As time 
passes, this failure becomes single line to ground fault. Phase to phase and phase-
phase to ground failure is also our failure case in this thesis and this failure is usually 
caused by aging, deterioration of insulation, accumulation of dirt and moisture. 
Single line to ground, phase to phase, phase to phase to ground, three phase faults 
can be internal or external which is due to the fault type. When the short circuit is 
R 
 
S 
 
T 
Figure 4.2 Single phase loss 
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internal this causes stator unbalanced impedance in stator windings and negative 
sequence currents start to flow through the windings and this forces the motor 
overheated [3, 17].  
When the short circuit is external, the fault is in external circuits. Unbalanced 
currents also occur when the fault is external like internal faults occur. Both internal 
and external faults bring out unbalance but each fault cases’ characteristics for 
internal and external differ each other.  
4.2.2 Prolonged Unbalanced Conditions 
Prolonged unbalanced conditions usually occur because of the loads are distributed 
unbalanced on each phase. Just consider a three phase power system with R phase 
has 25 loads connected to it, S phase has 30 and T phase 33 loads connected to it.  T 
phase may have 33 loads but those 33 loads may take less or more power real time. 
Some loads may be two phase loads. Now these load types will be explained. And 
this usually causes voltage drops on phases because of the unequally current flowing 
from the phases. Types of the loads which cause this prolonged unbalanced 
condition are introduced below. In Chapter 6, unbalanced voltage supply case is 
considered to be a prolonged unbalanced condition. 
4.2.2.1   Single Phase Load 
One phase loads on transformers without neutral line can be connected between two 
phases and on transformers with neutral can be connected between two phases and 
also phase to neutral. Like we pointed before loads which are single phase or double 
phase may cause unbalance because of unbalanced distribution of the loads on each 
phases. 
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                             Figure 4.3 Single phase load in three phase system 
4.2.2.2 Two Phase Load 
Two phase load condition can be explained like; in power systems without neutral 
each two single phase loads connected between two phases or in power systems with 
neutral line loads connection between separate phases and neutral line.  
This causes unbalanced conditions in power supply system because each phase is 
loaded unbalanced and voltage, current values will be different each other. Phase 
difference between the phases starts to occur [30]. 
 
 
 
 
 
 
 
 
Figure 4.4 Two phase load in three phase system 
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4.2.2.3 Asymmetrical Load 
Asymmetrical load is seen in three phase low voltage or high voltage systems with 
no neutral. Load which is connected between two phases in a balanced power 
system without neutral line is called asymmetrical load. 
In asymmetrical loading of the system, transformers magnetic parts are not affected 
but currents because of asymmetry affect the generators, motors and transmission 
lines. 
On power systems with neutral line or without neutral line if load impedances which 
connected between phase and neutral are not equal it is called asymmetrical load.  
As soon as loading of such a system is balanced, phase currents summation will be 
zero and no current would flow to neutral but unless there is balance in such a 
system, current would flow through neutral line. 
Figure 4.5 Asymmetrical loads in three phase system 
Asymmetrical load is usually seen in four wired low voltage systems or in high 
voltage systems with neutral line earthed systems. 
One phase and double phase loss conditions can also be considered in asymmetrical 
load condition. As seen from load asymmetries, asymmetrical load states cause 
system unbalances. In low voltage systems, these unbalances occur due to numerous 
A.C. loads connected between the phase-conductors and the neutral conductor. 
I 'S  
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    LOADZ  
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I S  
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 32 
Normal consumer mode is the reason for the low voltage systems operating in the 
form of low impedance earthed which is called TN system. In high voltage levels 
loads connected between two phases can seldom seen because that unbalances can 
rise up. There are some kinds of medium voltage loads as shown below [30]: 
 
 High current systems 
 Traction supplies 
 Melting furnaces in industry with resistors 
 Arc furnaces 
4.3 The Effects of Unbalanced Conditions on Motor 
Unbalance voltages may occur because of the impedance change in three phase 
systems. Unbalanced source voltages can also be caused because of the power 
generator. In some cases in a three phase power system, a motor which is fed from a 
line that also feed other motors and different kinds of loads can cause unbalance 
because that one of the other motor’s phases may be opened. Although only one 
motor’s fuse is blown, other motors are affected by unbalance. 
Usually in three phase systems one or two phases may be loaded more then the other 
phases. When there is more load on other phases, these more loaded phases take 
more current and this cause voltage drop at the end of the motor’s stator terminals. 
This condition also causes the phase angle difference between phases.  
One or two phases opening causes voltage unbalances due to fuse or circuit breaker 
openings. Voltage unbalances on drive machines lead to increased losses [1, 2, 3]. 
Voltage unbalances result temperature rise according to the increase in stator current 
especially negative sequence current. The negative sequence current in three phase 
motors have to be limited to 5% and 10% of the rated current [30, 36]. 
In simulations it is observed that when an unbalanced condition is in the motor this 
asymmetry leads to a 120Hz oscillation on instantaneous power which is double the 
base frequency of the power supply. This oscillation is because of the negative 
sequence currents and causes the motor overheat in the windings. 
The most common unbalance stator condition is unbalanced source voltages. This 
can be because of a fault such a short circuit or switching malfunction which occur 
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for a temporary time period. Although switching malfunction lets a short time 
period, unbalanced voltages and stator currents let the motors windings damage and 
they shortens the life time of the motors [26]. 
Power networks voltage asymmetry causes: 
 
 In asynchronous machines negative sequence currents occur and this 
leads energy losses. Asynchronous machines temperature rises and 
machines life time shortens.  
 Asymmetrical voltages cause breaking moments and active moments 
decrease. 
 On asynchronous machines unbalanced voltages cause oscillations on 
motor [30].  
 
In temporary unbalanced conditions, asymmetry can be greater then in prolonged 
unbalanced conditions. In asynchronous machines negative system impedances are 
so little that little voltage asymmetries cause great current asymmetries. These 
currents produce copper losses in both stator and rotor windings. Iron losses stand 
still due to these voltage unbalances. 
Induction machine consists of stationary and rotational parts; both stator and rotor 
have windings. Mostly all failures occur on stator and rotor parts. All unbalance 
conditions for stator which are investigated in this thesis are caused by stresses like 
thermal, electrical, mechanical and environmental. Cause and analysis of stator and 
rotor failures in three phase induction machines can be found in [6]. 
Investigations of the percentage of the failures on motors are shown below: 
 Electrical        33% 
 Mechanical     32% 
 Environmentally and maintenance  15% 
 Other reasons                                  20% 
Other reasons for failures may be listed as; design effects or errors, improper 
insulation, aging of insulation, contamination, ambient temperatures [12, 20, 29]. 
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In this thesis, short circuits such as phase to phase, phase to ground, phase-phase to 
ground, three phase, three phase to ground faults, single phase loss, double phase 
loss, turn to turn fault and unbalanced voltage supply conditions are observed. Short 
circuits which occur in stator windings are usually related to insulation failures [16].  
All these cases cause unbalance conditions on motor. Unbalanced voltage supply 
effects on an asynchronous motor can be seen in Figure 4.6. 
 
 
 
Figure 4.6 Unbalanced voltage effects on asynchronous machine [12] 
 
Unbalanced voltage affects the induction machine both on stator and rotor windings 
over heating. Over heating of stator and rotor windings shortens the life-time of the 
induction machine. As we showed the negative sequence current equation in Chapter 
3, negative sequence currents are the currents which cause heating and energy losses 
in stator and rotor windings [12]. 
In Figure 4.7 single phasing effects and results on an induction machine are shown. 
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Figure 4.7 Single phasing effects on asynchronous machine [12] 
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5. A NEW RELAYING ALGORITHM FOR PROTECTION OF 
INDUCTION MOTOR 
In this thesis, an induction motor’s unbalanced conditions have been simulated using 
the student version of PSCAD program representing unbalanced conditions voltage-
current values are driven from this program. From these values, instantaneous power 
is calculated and then unbalanced power, negative sequence reactive power and 
integrator signals of motor are calculated with Discrete Fourier Transformation 
which is done with digital relay algorithm programmed in Fortran90.  
From equation (3.31) it is observed that instantaneous power is composed of 
positive negative and zero sequence components. When there is an unbalanced 
condition there will be oscillations. These oscillations on instantaneous power which 
are twice the base frequency are because of the negative and zero sequence 
components. 
As soon as this unbalanced power is detected, next step is to detect where the  
source of unbalance is. To find out this, reactive power’s negative sequence 
component is calculated. If reactive power’s negative sequence component have 
negative sign it is found that the fault is in induction motor’s stator windings. But 
when reactive power’s negative sequence component has positive sign then it is 
found that the fault is out of the motor. 
5.1 Instantaneous Power  
Instantaneous power measured at the induction machine terminals; 
)()()()()()()( ninvninvninvnP TTSSRR                 (5.1) 
Where n is the sampling instant of the instantaneous power p(n). n is 12 for 
simulation cases. 
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5.2 Unbalanced Power Component 
Unbalanced power component which is caused by negative and zero sequence 
components can be calculated using the Discrete Fourier Transform (DFT). 
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                 (5.2) 
Where N is the number of samples per cycle.   
For Fault Discrimination: “The direction of the negative sequence reactive power 
)2(Q  measured at the terminals of the induction machine is used to find whether the 
fault is external or internal” [1]. 
When )2(Q is positive, this shows that the negative sequence reactive power flows 
from the motor to power network. This indicates an external fault.  
When )2(Q is negative, this shows that the negative sequence reactive power flows 
from the power network to motor. Finally this indicates an internal fault. 
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5.3 Trip Criteria for Internal Fault 
When mP2  exceeds the pre-defined value, algorithm starts to calculate the negative 
sequence reactive power )2(Q  and finds out whether it is negative or positive. When 
)2(Q is negative this shows us that there is an internal fault in induction motor. 
Algorithm sends instant trip to the protection device when )2(Q is negative. Induction 
machine’s unbalance power has to be 1% according to the nominal power of the 
induction machine for internal fault cases.  
Unbalanced power is the ratio of maximum deviation from average power [4].  
 
Unbalanced power
Average
poweraveragethefromdeviationMaximum
             (5.6) 
 
 
5.4 Trip Criteria for External Fault 
For external faults, when induction motor’s unbalanced power is equal to 7% or 
greater then 7%, algorithm starts to calculate negative sequence reactive power to 
detect if there is an external or internal fault. 
Algorithm calculates the negative sequence reactive power and checks whether the 
fault is internal or external. When )2(Q  is positive, algorithm detects that this is an 
external fault and starts to calculate the trip time to provide backup protection for the 
motor which is obtained using the (5.8) equation.  
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)2()2(
2 puI
I
I
VI
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puP m                  (5.7) 
 
  KtpuP m *)(
2
2                   (5.8) 
It is common to compare motors for unbalance protection and derive the timing 
through the (5.8) equation. The relay setting consists of selecting the optimum 
pickup and the time delay. K is the constant of the asynchronous machine for its 
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strength to unbalanced working due to the heat in motor windings. K changes upon 
the motor type because of its characteristic and required selectivity scaling. In 
simulations K is taken 10. K can be taken between 1 and 40 according to IEC 
Standards [1, 2, 37]. 
Figure 5.1 shows the flow chart diagram of the proposed relay algorithm [1]. 
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Figure 5.1 Flow diagram of motor protection relay [1] 
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6. COMPUTER SIMULATION STUDIES 
6.1 Introduction  
A 10 HP squirrel cage induction machine and power supply system has been 
simulated to analyze the performance of the new relaying algorithm. Simulated 
power system can be seen in Figure 6.1. Simulation studies have been done with 
PSCAD 4.0.3 student version which works on the basis of FORTRAN programming 
language. Using this simulation program single phase to ground, double phase, 
double phase to ground, three phase to ground, single phasing, unbalanced source 
voltage and turn to turn fault cases have been simulated for both internal and 
external cases.  
For external faults, faults were considered to be on the cables, bus bars which feed 
the motor. For internal faults, faults were considered to be in the stator windings. 
Single phasing, unbalanced source voltage cases are in external fault cases. 
Simulating these cases, three phase voltage and current values have been recorded 
for protection relay algorithm’s database. 
 
 
Figure 6.1 Motor and power supply model used in simulation 
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Power supply is selected to be 5MVA power, 13.8kV voltage level and 60Hz base 
frequency. Power transformer which is connected to the induction motor is taken 
0.05MVA, 60Hz, Delta-Star neutral connected. Primary winding side voltage level 
is 13.8kV and secondary winding side voltage level is 0.22kV. Asynchronous motor 
parametres are taken from [22]. Induction motor was considered to be working at 
full load in simulations. Computer simulations can be found in thesis CD. 
Simulation time was taken 4.5 s. In all cases, faults occur at the 2nd second and 
duration of the fault is taken 2s. Before the unbalanced condition, 0.5 s period is also 
taken for relay schema to analyze the algorithm characteristic in steady state 
condition. 
Sampling rate is 12 samples per cycle. For the negative sequence reactive power 
calculation, 12 samples per cycle is optimum that PSCAD simulation program was 
programmed. 
During an internal fault in induction motor, unbalanced power is 1% and for an 
external fault unbalanced power is taken 7% in algorithm [1, 2]. 
In short circuit cases such as single phase to ground, double phase to ground, phase 
to phase, and three phase to ground short circuit resistances are taken 0.01 .  
6.2 External Faults  
External faults are considered to be on the power supply cables which are connected 
to the induction motor.  Totally six cases have been simulated for external faults. In 
this chapter for each case instantaneous power, negative sequence reactive power, 
integrator and unbalance power graphics have been figured out.  
From the simulation data, asynchronous motor protection algorithm’s trip times are 
calculated by taking K as 10.  
6.2.1   Phase to Ground External Fault 
In Figure 6.2 motor operation when an external fault occurs is shown. Average 
power of the motor decrease when a phase to ground fault happen. As seen from 
Figure 6.2c, negative sequence reactive power is positive and there is an external 
fault. Unbalanced power ratio is nearly 1.55 (pu) in Figure 6.2b. Because of the 
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unbalanced condition, oscillation at 120Hz can be seen on instantaneous power in 
Figure 6.2a. 
From the integrator seen in Figure 6.2d if fault had continued, 4.1s later from the 
fault started, trip is given.  
6.2.2   Phase to Phase External Fault  
In Figure 6.3 motor operation is shown when two phases short circuit each other. 
This creates an unbalanced condition and in Figure 6.3b unbalanced power reaches 
1.8 (pu) value and this is more than 0.07 (pu) external unbalanced power that 
algorithm calculates negative sequence reactive power. Negative sequence reactive 
power is 0.6 (pu) shown in Figure 6.3c and it is positive. This shows that this is an 
external fault. In Figure 6.3a when phase to phase fault happens oscillation with 
great amplitude is seen with 120Hz component on instantaneous power.  
Optimal trip time after the fault occurs is 3.4s from the integrator seen in Figure 
6.3d. 
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
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(d) Integrator 
Figure 6.2   A phase to ground external fault 
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(a) Instantaneous motor power 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
1.
5
1.
6
1.
7
1.
8
1.
9
2.
0
2.
1
2.
2
2.
3
2.
4
2.
5
2.
6
2.
7
2.
8
2.
9
3.
0
3.
1
3.
2
3.
3
3.
4
3.
5
3.
6
3.
7
3.
8
3.
9
4.
0
4.
1
4.
2
4.
3
4.
4
4.
5
time(s)
P
un
b(
pu
)
 
(b) Unbalanced power 
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(c) Negative sequence reactive power 
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(d) Integrator 
Figure 6.3 A phase to phase external fault 
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6.2.3 Phase to Phase to Ground External Fault  
In Figure 6.4, a phase to phase to ground fault condition is shown. Different from 
phase to phase fault, in this case two of the three phases are short circuited to 
ground. When unbalanced condition occurs, unbalanced power reaches 0.6 (pu) and 
it becomes 0.9 (pu) after 20ms so algorithm starts to calculate negative sequence 
reactive power as soon as the unbalanced power reaches constant 0.07 (pu) value. It 
is seen in Figure 6.4c that negative sequence reactive power is positive and because 
of its positive sign algorithm detects that this fault is an external fault. Negative 
sequence reactive power is zero till double phase to ground fault occurs. But it 
reaches 0.62 (pu) value in 50ms. 
Although it can not be seen from the figure, it is expected that it will reach the trip 
level after 12.34s.   
6.2.4 Three Phase to Ground External Fault  
Three phase to ground fault operating condition of motor is shown in Figure 6.5. In 
Figure 6.5b, it is seen that unbalanced power reaches 0.68 (pu) for a short period of 
time but it becomes zero after 500ms. This shows three phase to ground fault is not 
an unbalanced fault. Although unbalanced power becomes zero, in Figure 6.5c 
negative sequence reactive power value becomes 0.28 (pu) and this shows that this 
is an external fault. As unbalanced power is under 0.7 (pu) algorithm will not give 
trip signal for three phase to ground fault condition. In Figure 6.5d, integrator output 
is zero during fault. 
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
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(d) Integrator 
Figure 6.4 A phase to phase to ground external fault 
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
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(d) Integrator 
Figure 6.5 A three phase to ground external fault 
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6.2.5 Single Phase Loss 
In single phasing case, one of the phases’ circuits is opened by a circuit breaker and 
this circuit breaker’s open state resistance is taken high not to let any current flow. 
Circuit breaker’s closed state resistance is taken 0.01 .  
In Figure 6.6, single phase loss condition is shown. One of the cables which feed the 
three phase induction motor can be cut or one of the series connected fuses, circuit 
breaker contacts can blow. This is called single phase loss whenever one of these 
situations happens.  
As seen in Figure 6.6a, 120Hz oscillations occur on instantaneous power. Other two 
phases start to take more current. Unbalance power is zero during normal operating 
and when unbalance occurs, it reaches 1.05 (pu) in a short period of time as seen in 
Figure 6.6b. As unbalanced power is greater then 0.07 (pu) for external fault, 
algorithm starts to calculate the negative sequence reactive power. In Figure 6.6c it 
is seen that negative sequence reactive power is positive. This means that this is an 
external fault. Trip time for single phase loss is calculated as 9.1s from the related 
equation (5.8).   
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
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(d) Integrator 
Figure 6.6 A Single phase loss  
6.2.6 Voltage Unbalance  
Figure 6.7 shows an unbalance voltage supplying the motor. Voltage levels between 
phases have been changed at the 2nd second. Before the unbalanced conditions, 
unbalanced power is zero. After unbalanced voltage applied, unbalanced power 
reaches 0.39 (pu) as shown in Figure 6.7b. When unbalanced power becomes greater 
then 0.07 (pu) algorithm starts to calculate negative sequence reactive power. 
Voltage unbalance is an external condition that negative sequence reactive power is 
positive as shown in Figure 6.7c. Algorithm detects that this is an external 
unbalanced condition. It is seen that trip time exceeds the simulation period but 
integrator shown in Figure 6.7d shows us that after 66s from the fault starts, trip will 
be given.  
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
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(d) Integrator 
Figure 6.7 Response to an unbalanced voltage condition  
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6.2.7 Normal Operation   
In Figure 6.8 normal operation of motor is shown. Instantaneous power in normal 
operating condition is constant and no oscillations are seen on instantaneous power 
shown in Figure 6.8a. From Figure 6.8b it is seen that unbalance power is nearly 
zero and in Figure 6.8c, negative sequence reactive power is zero because the 
unbalanced power never reaches the considered unbalanced power which is 1% for 
internal faults and 7% for external faults. No trip will be given in normal operating 
condition seen in Figure 6.8d. 
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
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(d) Integrator 
Figure 6.8 Response to a normal operating condition 
6.3 Internal Faults 
Internal faults are considered to be in the stator windings. Cases have been simulated 
and trip times have been calculated. As for external faults done, instantaneous 
power, negative sequence reactive power and unbalance power graphics have been 
shown in per-unit (pu). 
For internal faults unbalanced power ratio is taken 1% according to the IEC 
standards which is accepted for rotating machines especially for electric motors [1, 
2, 37].  
6.3.1 Single Phase to Ground Internal Fault  
Single phase to ground internal fault occurs in stator windings. In Figure 6.9 
operation of motor during single phase to ground fault is shown. Unbalanced power 
reaches 4.35 (pu) very quickly as seen in Figure 6.9b and algorithm starts to 
calculate negative sequence reactive power. Single phase to ground fault in stator 
windings causes unbalance and in Figure 6.9c it is detected that negative sequence 
reactive power is negative and this is an internal fault in the motor. Negative 
sequence reactive power reaches -0.065 (pu) value and becomes constant at -0.035 
(pu) during single phase to ground internal fault. From the algorithm, calculated trip 
time for single phase to ground internal fault is 13.8ms. 
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(a) Instantaneous motor power 
0
1
2
3
4
5
6
1.
5
1.
6
1.
7
1.
8
1.
9
2.
0
2.
1
2.
2
2.
3
2.
4
2.
5
2.
6
2.
7
2.
8
2.
9
3.
0
3.
1
3.
2
3.
3
3.
4
3.
5
3.
6
3.
7
3.
8
3.
9
4.
0
4.
1
4.
2
4.
3
4.
4
4.
5
time(s)
Pu
nb
(p
u)
 
(b) Unbalanced power 
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(c) Negative sequence reactive power 
Figure 6.9 A single phase to ground internal fault 
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6.3.2 Phase to Phase Internal Fault  
Response to a phase to phase internal fault is shown in Figure 6.10. Great amplitude 
oscillations on instantaneous power are detected more then the single phase to 
ground fault. Unbalanced power becomes constant at 7 (pu) during fault which is 
shown in Figure 6.10b. In Figure 6.10c it is seen that negative sequence reactive 
power is negative and hence the fault is internal. Trip time is 13.8ms for phase to 
phase internal fault. 
6.3.3 Phase to Phase to Ground Internal Fault 
An internal phase to phase to ground fault is seen in Figure 6.11. 120Hz oscillation 
starts to oscillate with high amplitude on instantaneous power shown in Figure 
6.11a. In Figure 6.11b unbalanced power peaks up to 6.5 (pu) very fast and becomes 
constant nearly 5 (pu). This shows that there is an unbalanced fault. 
Negative sequence reactive power is negative that fault is internal. From the 
calculation, trip time for phase to phase to ground internal fault is 13.8ms. 
6.3.4 Three Phase to Ground Internal Fault  
In Figure 6.12, motor operation is shown when three phase to ground internal fault 
occurs. Like three phase to ground external fault, three phase internal fault is not an 
unbalanced fault. From Figure 6.12a it is seen that instantaneous power oscillates 
but unbalanced power is not constant and becomes zero very quickly. In Figure 
6.12c, negative sequence reactive power also shows us that this is a balanced fault. 
Although negative sequence reactive power becomes zero, at the beginning of the 
fault in a very short period of time, negative sequence reactive power is negative. 
Three phase to ground internal fault is a balanced fault because of the unbalanced 
power and negative sequence reactive power becomes zero in a short time that no 
trip is given in three phase to ground internal fault. 
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(a) Instantaneous motor power 
0
1
2
3
4
5
6
7
8
9
1.
5
1.
6
1.
7
1.
8
1.
9
2.
0
2.
1
2.
2
2.
3
2.
4
2.
5
2.
6
2.
7
2.
8
2.
9
3.
0
3.
1
3.
2
3.
3
3.
4
3.
5
3.
6
3.
7
3.
8
3.
9
4.
0
4.
1
4.
2
4.
3
4.
4
4.
5
time(s)
P
un
b(
pu
)
 
(b) Unbalanced power 
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(c) Negative sequence reactive power 
Figure 6.10 A phase to phase internal fault 
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
Figure 6.11 A phase to phase to ground internal fault 
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6.3.5 Turn to Turn Fault 
A turn to turn short circuit condition in stator winding is shown in Figure 6.13. In 
this case during normal operation one of the motor’s phase windings is considered to 
be short circuited. In Figure 6.13a, oscillation on instantaneous power caused by 
unbalance is shown. Unbalanced power is nearly 0.14 (pu) and is higher then the 
required unbalanced power seen in Figure 6.13b. This shows us that there is an 
unbalance in the system. Algorithm starts to calculate negative sequence reactive 
power when unbalanced power is greater then 1% for internal fault. As seen in 
Figure 6.13c, negative sequence reactive power is negative. This means that this 
fault is internal and from the algorithm required trip time for internal turn to turn 
fault in motor is 12.4ms. 
6.4 Simulation Results 
In simulations unbalanced conditions have been researched. Fault cases are studied 
in two groups for internal faults and external faults. From the digital motor protection 
algorithm results negative sequence reactive power becomes negative when fault is 
internal. When external faults occur in power system, negative sequence reactive 
power is always positive. This feature helps us to detect where the fault is and give 
trip for reliable protection of motor.  
For internal faults, trip times are in milliseconds for fast response against harmful 
effects of faults. In spite of internal faults, trip times for external faults change 
between 2.5 seconds to 1.1 minutes. In external faults, relays which are before and 
after the transformers, cables, busbars connected considered to trip. Unless these 
relays do protection, the new digital protection relay would do the backup protection.  
In all unbalanced conditions such short circuits, phase losses, unbalanced working it 
is seen that 120Hz oscillations occur on instantaneous power.   
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(a) Instantaneous motor power 
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(b) Unbalanced power 
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(c) Negative sequence reactive power 
Figure 6.12 A three phase to ground internal fault 
 
 
 
 
 
 60 
 
 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.
5
1.
6
1.
7
1.
8
1.
9
2.
0
2.
1
2.
2
2.
3
2.
4
2.
5
2.
6
2.
7
2.
8
2.
9
3.
0
3.
1
3.
2
3.
3
3.
4
3.
5
3.
6
3.
7
3.
8
3.
9
4.
0
4.
1
4.
2
4.
3
4.
4
4.
5
time(s)
P
in
s(
pu
)
 
 
(a) Instantaneous motor power 
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(b) Unbalanced power 
-0.0007
-0.0006
-0.0005
-0.0004
-0.0003
-0.0002
-0.0001
0
0.0001
1.
5
1.
6
1.
7
1.
8
1.
9
2.
0
2.
1
2.
2
2.
3
2.
4
2.
5
2.
6
2.
7
2.
8
2.
9
3.
0
3.
1
3.
2
3.
3
3.
4
3.
5
3.
6
3.
7
3.
8
3.
9
4.
0
4.
1
4.
2
4.
3
4.
4
4.
5
time(s)
Q
ne
g(
pu
)
 
(c) Negative sequence reactive power 
Figure 6.13 A turn to turn fault 
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7. CONCLUSION 
In this thesis, a new digital protection relay for induction machine protection is 
proposed. This relay detects unbalanced faults such single phase to ground, double 
phase to ground, double phase fault, three phase to ground, single phase loss, 
unbalanced power supply. These fault cases have been simulated and applied in this 
new digital protection relay. Short circuit faults have been simulated for both 
internal and external faults. Voltage unbalance case is considered to be an external 
fault and turn to turn fault case was considered to be an internal fault. Single phase 
loss case was considered to be a blow of a fuse, circuit breaker or loss of one phases’ 
cable.  
Unbalance on motor is detected by instantaneous power oscillations which are 
measured at the terminals of the motor using three phase current and voltage values. 
From the simulation results, it is seen that when the system is operating perfectly 
balanced, instantaneous power will be equal to average power. 
For external faults, which do occur out side of the motor when unbalance power is 
equal or more then 7%, digital protection algorithm calculates the negative sequence 
reactive power. If negative sequence reactive power is positive, fault is an external 
fault. Algorithm calculates the required tripping time to protect the motor with a 
time delay for backup protection.   
For internal faults, which do occur in stator windings, fast trip is given within 
milliseconds when unbalanced power is equal or more then 1% and negative 
sequence reactive power is negative. When algorithm detects the negative sequence 
reactive power is negative this means that this is an internal fault. So algorithm 
initiates fast tripping within milliseconds. 
In instantaneous power graphics, it is seen that instantaneous power oscillations 
double the base frequency only occur in unbalanced working conditions.   
Although three phase to ground fault is a balanced fault, from the graphics we see 
that algorithm detects the negative sequence reactive power is negative for a few 
 62 
milliseconds but then it becomes zero. In this short time period, relay detects 
negative sequence reactive power sign, unbalance power and gives fast trip. 
In external three phase to ground fault case, algorithm calculates the negative 
sequence reactive power with positive sign for a short period then it becomes zero. 
Because of the relay do backup protection for external faults; the integrator did not 
give trip.  
This relay can be used for protection of all three phase power system elements. This 
method was first developed for synchronous generator protection. With this 
research, it is proved that the same method is convenient for also induction machine 
protection and this relay can detect whether the fault condition is inside or outside of 
the motor. 
This new digital relay can do the same protection as a negative sequence overcurrent 
relay for external fault conditions.     
In this thesis, transformer secondary side was considered to be star grounded 
connected. This relay algorithm can be applied for different connectivity cases on 
transformers. 
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APPENDIX A 
MATHEMATICAL MODEL OF A THREE PHASE INDUCTION MOTOR  
A.1 Introduction  
Three phase induction motors have stationary part and rotary parts which are stator 
and rotor. Stator is the part that has a magnetic core put into a metal frame. Stator 
magnetic core is formed from thin metallic plates to increase the power losses which 
are caused by negative sequence currents. This coil is insulated from the walls of the 
motor. 
Three phase voltage supply the windings which cover the stator coil. And each 
phase is insulated from other phases. Electrical energy is applied to the stator 
windings and magnetic field created by stator windings converts electrical energy to 
mechanical energy on rotor. This magnetic energy creates flowing current on rotor 
bars. Created current on rotor bars causes magnetic force and lets the rotor rotate.  
Air gap type between stator and rotor part changes the type of the motor. Air gap 
affects asynchronous machines while they are named such squirrel cage induction 
motor or wound rotor motor.  
Asynchronous machine gets its name from the phase difference between rotating 
magnetic field on rotor and the basis of this magnetic field is created by stator 
currents. While magnetic field moves through the stator windings by an electrical 
velocity, magnetic field on rotor winding tries to reach stator but can not be the same 
in velocity. This electrical angular speed difference is called the slip on 
asynchronous motors.  
There are too many parameters which affect the mathematical model of an 
asynchronous machine. In this part, the mathematical model of an induction 
machine is given. 
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Figure A.1 Circuit model of an induction motor 
 
 
 
    
Figure A.2 Axial view of an induction motor [23] 
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A.2 Mathematical Circuit Model of Asynchronous Machine 
A.2.1 Stator Voltage Equations  
dt
d
RIV RSSRSRS

  V              
dt
d
RIV SSSSSSS

  V                 (A.1) 
dt
d
RIV TSSTSTS

  V              
 
A.2.2   Rotor Voltage Equations 
dt
d
RIV RRRRRRR

  V             
dt
d
RIV SRRSRSR

  V                 (A.2) 
dt
d
RIV TRRTRTR

  V             
A.2.3   Flux Leakage Equations 
Asynchronous machines flux leakage components for rotor and stator are in matrix 
form below. 
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  (A.3) 
From stator voltage equation when we take flux leakage parts derivative and put 
them in order we find transformed voltage equations for stator and rotor windings in 
terms of odq variables in matrix form. 
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When we apply abc to 0dq orthogonal transformation two transformation matrixes 
are used which one is for stator and the other one is for rotor part. Applying these 
transformations equations solving becomes easy to handle. 
A.2.4 Transformation Matrix 
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  represents transformation matrix for stator windings. 
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  represents transformation matrix for rotor windings. 
A.2.5 Transformed Voltage Equations 
When all transformation matrix and inverse transformation matrixes are applied 
equations for rotors and stators voltage equation (A.4) is obtained [23]. 
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A.2.6 Transformed Mechanical Equation 
When we apply the transformation matrix for mechanical terminals 0dq transformed 
mechanical equation (A.5) is obtained [23]. 
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Where; 
 
s  Stator current’s angular frequency 
r  Rotor current’s angular frequency 
   Moment of inertia 
 B =  Friction coefficient 
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APPENDIX B 
STARTING METHODS OF INDUCTION MOTOR 
B.1 Introduction 
Induction motors are the easiest motors to construct, the most durable, the most 
confident and mostly used machines in industry [23, 26]. As induction machines 
have such advantages written above, its’ most important disadvantage is its high 
rated starting currents although its starting moment is less. Starting an asynchronous 
machine from its standstill position causes large starting currents.  
Asynchronous motors at rest, appear just like a short circuited transformer, and if 
connected to the full supply voltage, draw a very high current known as the "Locked 
Rotor Current". They also produce torque which is known as the "Locked Rotor 
Torque". 
As the motor accelerates, both the torque and the current will tend to alter with rotor 
speed if the voltage is maintained constant. The starting current of a motor, with a 
fixed voltage, will drop very slowly as the motor accelerates and will only begin to 
fall significantly when the motor has reached at least 80% of full speed. 
This starting current is usually six to eight times the nominal current of asynchronous 
machine. Starting currents value also effects the selection of the protection devices in 
asynchronous motors. The current-breaking capacity of a motor starting contactor is 
arranged to be only slightly greater than starting current of its motor. Large starting 
currents condition is harmful for the machines and some methods have been used 
recently.  
 
 
Figure B.1 Torque-current-voltage-speed curve [23] 
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B.2 Starting Methods for Asynchronous Motors 
B.2.1 Direct-on-line Starting 
Asynchronous machines which are over 5kW power are forbidden to start direct on 
line according to the laws. But it is known that the biggest machine power that will 
be on line started can be chosen according to its short circuit current power. So it is 
not quite clear at this point [26]. 
When the electrical supply with different impedances per each phase is connected to 
three phase asynchronous machine and motor is started direct on line, unbalanced 
stator voltages and currents occur. Whenever these unbalanced currents occur 
overheating on rotor and stator windings also occur [8].And these unbalanced 
currents damage the asynchronous machine. 
Direct on line starting of an asynchronous machine causes voltage drops on electric 
network. These voltage disturbances reach other machines on network and lower 
other machines efficiency. This voltage drop percentage can not be over 10%. 
Peak currents during online starting cause big magnetic forces. Especially this force 
affects the stator windings and as a result this situation raises the asynchronous 
machine’s possibility of short circuits [26]. Unbalanced conditions in asynchronous 
machines can cause over heating and also short circuits. 
 
 
 
B.2.2 Stator Resistance Starting 
Resistance or inductance is added to stator windings in this method. Inductance 
method is usually used because loss in this method is less than resistance method. 
We can change here the starting current by the way its torque [26]. 
Once the motor is up to full speed or after a period of time the resistors are bridged 
by a contactor to apply full voltage to the motor. If the full details of the motor 
starting characteristics are known, and the starting characteristics of the load are also 
known, it is practical to determine the correct value of the resistors to provide enough 
start torque for the load while minimizing the starting current. Energy loss in this 
method makes this method less popular.  
The primary resistance starter reduces the voltage applied to the motor terminals 
while passing the full starting current to the motor. Consequently, there is very high 
power dissipation in the resistors, resulting in the requirement for very high power 
rated resistors. Typically, the resistors will dissipate as much as 150% - 200% the 
power rating of the motor for the duration of the start. 
 
Figure B.2 Induction motor direct starting 
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Figure B.3 Parallel connected resistance for motor starting 
 
B.2.3 Autotransformer Starting 
Voltage level is controlled from the beginning to full speed step by step to limit the 
current. Voltage level will be increased step by step. So starting current is limited 
here. When the asynchronous machine is connected to voltage supply without 
autotransformer at this instant times current peaks will occur which are 20 times 
greater than nominal current value if their frequency is not the same. As we 
discussed before these current peaks cause the machine moment and current impacts 
and this lets machine aging faster. 
While the motor is connected and accelerating, there is a rotating magnetic field in 
the stator which causes flux in the rotor and thus a rotor current to flow. At the 
instant the motor is disconnected, there is a magnetic field in the rotor which is 
spinning with-in the stator winding. The motor acts as a generator until the rotor field 
decays. The voltage generated by the motor is not synchronized to the supply; and so 
on reconnection to the supply, the voltage across the contactor at closure can be as 
much as twice the supply voltage resulting in a very high current and torque 
transient.  
This open transition switching is often known as the auto-reclose effect as it yields 
similar characteristics to opening and closing a breaker on a supply to one or more 
motors. The consequences of open transition switching can be as bad as broken 
shafts and stripped gears [26]. 
 
 
 
 
 
Figure B.4 Autotransformer series connected to induction motor 
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B.2.4 Star-Delta Starting  
This method is the most popular one in industry. At first, three phase supply voltage 
is connected in star and as soon as the asynchronous machine’s moment reaches the 
load moment, connection is changed to delta [26]. 
At starting, the line voltage is applied to one end of each of the three windings, with 
the other end bridged together, effectively connecting the windings in a star 
connection.  The voltage level across each winding is 1/ ( 3) of line voltage and the 
current flowing in each winding is also reduced by this amount. In star connection, 
phase currents will be 1/3 of the delta connection current. So in starting period 
starting moment will be 1/3 of the delta connection moment.  
When star connection is opened, effectively open circuiting the motor, and the ends 
of the windings are then connected to the three phase supply to create a delta 
connection. This type of starter is an open transition starter and so the switch to delta 
affects the supply as if a direct online starter was employed.  
But this method is not used if load’s equilibrium moment is very high because of the 
reduced starting moment. Peak current problem is also seen in this method while 
connection changing from star to delta. 
 
 
The methods which are introduced have disadvantages because of their peak 
currents. Because of these current impacts, mechanical and electrical insulation 
damages occur. 
B.2.5 Soft-Starting  
Asynchronous machines are usually used in HVAC, lifting systems, pumps, textile 
because of their low cost and low maintenance.  
As soon as the semiconductor technology developed recently the devices which are 
produced from semiconductors are started to be used in large areas of industry. One 
of its large application areas is the starting of asynchronous machines. 
When semiconductor technology became more economic, the methods for starting 
asynchronous machines such as auto-transformer, star-delta, direct online starting 
R S T 
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Figure B.5 Star-Delta connection 
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became more expensive because that the relays, contactors, time relays and other 
devices cost a lot more when power level is high. 
We had pointed that at starting period current peaks and moment peaks occur on 
asynchronous machines. When soft starters are used these current peaks and moment 
changes on machines can not be seen. Soft starters provide clear acceleration for 
machines and as a result, lifetime of the machines gets longer [26]. 
The basic theory in soft starting is to have controllable starting current and moment 
by applying controlled voltage.   
Basic soft starter scheme is shown in Figure B.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.6 Soft starter basic design theory [33] 
Soft starter is another form of reduced voltage starter for asynchronous machines. 
The soft starter is similar to a primary resistance or primary reactance starter in that it 
is in series with the supply to the motor. The current into the starter equals the 
current out. The soft starter employs solid state devices to control the current flow 
and therefore the voltage applied to the motor.  
In theory, soft starters can be connected in series with the line voltage applied to the 
motor, or they can be connected inside the delta loop of a delta connected motor, 
controlling the voltage applied to each winding. 
Voltage control is achieved by means of solid state A.C. switches in series with each 
phase. These switches comprise either:  
             Thyristors 
Trigger 
unit 
Control  
unit 
Control  
variables 
M 
3phase network 
220 V 50Hz 
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1 x Triac per phase 
 
1 x SCR and 1 x Diode reverse parallel connected per phase. 
 
2 x SCRs reverse parallel connected per phase. 
 
Figure B.7 High frequency switching elements 
These Solid State Switches are phase controlled in a similar manner to a light 
dimmer, in that they are turned on for a part of each cycle. The average voltage is 
controlled by varying the conduction angle of the switches. Increasing the 
conduction angle will increase the average output voltage. Controlling the average 
output voltage by means of solid state switches has a number of advantages, one of 
the major advantages being the vast improvement in efficiency relative to the 
primary resistance starter, due to the low on state voltage of the solid state switches. 
Typically, the power dissipation in the starter, during start, will be less than 1% of 
the power dissipated in a primary resistance starter during start. In each thyristor,    
1-2V voltage drop may occur for low voltage systems [33].  
Another major advantage of the solid state starter is that the average voltage can be 
easily altered to suit the required starting conditions. By variation of the conduction 
angle, the output voltage can be increased or reduced, and this can be achieved 
automatically by the control electronics. The control electronics can be 
preprogrammed to provide a particular output voltage contour based on a timed 
sequence (open loop), or can dynamically control the output voltage to achieve an 
output profile based on measurements made of such characteristics as current and 
speed (closed loop). The switching elements must be able to control the current 
applied to the motor at line voltage. In order to maintain a high level of reliability on 
a real industrial type supply, the switching elements need to be rated at least 3 times 
the line voltage. On a 400 volt supply, this means that the requirement is for 1200 
Volt devices, and 600 Volt devices on a 200 volt supply. It is also important that the 
switching elements have a good transient current overload capacity. 1200 Volt triacs 
with good current transient overload characteristics are not readily available, and so 
the choice is really between the SCR-Diode and SCR-SCR. There are some triacs 
which are suitable for this operation, but they are not easily attainable. The major 
differences between the SCR-SCR and the SCR-Diode options are price, and the 
harmonic content of the output voltage. The SCR-SCR method provides a 
symmetrical output which is technically desirable from the point of supply 
disturbances and harmonics, while the SCR-Diode method is inferior technically, it is 
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commercially more effective and easier to implement. Harmonics awareness and 
paranoia has drastically reduced the number of SCR-Diode type soft starters on 
today's market, but they do still exist. In soft starters more pulse numbered power 
electronic circuits the less harmonics and more similar sinusoidal waveforms we get 
[33]. 
Current information about soft starting and its effects on asynchronous motors and 
performance optimization during voltage-controlled soft starting can be found in [8], 
[9]. 
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APPENDIX C 
 
PROTECTION CODES 
 
 
Table C.1 International protection codes [29] 
 
4 Under speed 
27 Under voltage 
37 Under current 
38 Bearing RTD 
46 Unbalanced current 
47 Unbalanced voltage 
48 Incomplete sequence 
49 Stator RTD 
50 Instantaneous overcurrent 
51 Time delay overcurrent 
50G/51G Ground overcurrent(single CT) 
50N/51N Ground overcurrent (residual) 
52 Breaker 
55 Power factor 
59 Overvoltage 
78 Phase angle 
81 Frequency 
87 Differential (three CTs)  
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